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a b s t r a c t
We developed an ultra low ﬁeld-ripple magnet by adopting a mineral insulation cable (MIC) which is used
under high radiation ﬁeld, and of which conductor is surrounded by MgO insulation layer and copper
sheath. Magnetic ﬁeld due to an alternating current in conductor is canceled by the induced current in the
sheath. We made a solenoid magnet by MIC, and observed this cancelation effect in alternating currents
from 50 Hz to 2.4 kHz. This effect has a tendency which is inversely proportion to the AC frequency, and the
ﬁeld ripple is suppressed by 102 in 50 Hz and 3104 in 2.4 kHz. Namely, a power supply with the
current ripple of 104 is expected to generate a magnetic ﬁeld with the ripple of 106 or lower.
& 2014 The Authors. Published by Elsevier B.V.
1. Introduction
The stability of the magnet is important for accelerator facilities.
The ﬁeld-ripple due to the current ripple of the power supply is one of
the intrinsic instability sources, and the magnitude of ﬁeld ripple is
proportional to the alternating-current component in the direct
current. Namely, a type of the rectiﬁcation circuit determines the
temporal stability of the magnetic ﬁeld mainly. In order to achieve a
low ﬁeld ripple, a switching-mode power supply is used in general.
On the other hand, a magnet operated under a high radiation
ﬁeld is developed by using a mineral insulation cable (MIC) [1]. As
shown in Fig. 1, a MIC has a MgO insulation layer and an outer
copper sheath in addition to a central conductor part. The radia-
tion hardness of MgO is much higher than organic insulator like
epoxy and polyimide resin. However, MgO is fragile, and thus MgO
layer must be surrounded by the copper sheath. Many MIC
magnets are applied in a high-power accelerator facility like Japan
Proton Accelerator Research Complex (J-PARC).
The alternating current ﬂowing in the conductor of MIC
induces a current in sheath. The induced current has a feature to
cancel the ﬁeld alternation. We demonstrated this feature.
2. Field-ripple measurements
A MIC solenoid magnet, which will be used as the front-end
magnet in Muon Facility, J-PARC [2], is prepared for the ﬁeld-ripple
measurement. This magnet is composed of same-shape six coils
(Fig. 2). Each coil is composed of 66 turns of hollow-conductor
MIC (Hitachi Cable Inc. MIHC-2500A-H). To form a coil, all
neighboring cables, i.e. neighboring turns and neighboring layers
are soldered to each other. Namely, the sheath is electrically
connected to each other. These six coils are assembled in an iron
yoke. The conductor of each coil is connected in series at the
terminal, and the sheath is in contact with the iron yoke. Namely,
the sheath is connected to the chassis ground.
In order to simulate a current ripple, an alternating current
generator was connected to the conductor terminal, and its
current was monitored by a 1Ω standard resistance, Rs. The
total voltage was also monitored and their wave forms were
recorded. The magnetic ﬁeld at the center of the solenoid was
measured by a pickup coil. The sine wave with the amplitude of
10-A was applied to the circuit with the frequencies from 50 Hz to
2.4 kHz. The Hall probe (LakeShore Cryotronics Inc., model 460
3-axis Gaussmeter), whose upper limit frequency is 400 Hz, was
used for the consistency check in the lower frequency. The pickup
coil is a 50-turns solenoid coil in a diameter of 20 cm, and thus
the peak voltage is expected to be about 9.87fB, where f is the
frequency of alternating current and B is the amplitude of the
magnetic ﬁeld in unit of Tesla. Fig. 3 shows the result of 400-Hz
input for instance.
3. Impedance analysis
The conductor circuit and the sheath one are drawn schema-
tically as shown in Fig. 4, and satisfy the following relation:
~V1 ¼ L1
d ~I1
dt
þMd
~I2
dt
þR1 ~I1 ;
0¼Md
~I1
dt
þL2
d ~I2
dt
þR2 ~I2
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>>:
ð1Þ
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where ~V1 stands for the applied AC voltage; ~I1 and ~I2 are the
currents in the conductor and the sheath, respectively; R1, R2,
L1 and L2 are resistance and inductance of respective circuit; M is
the mutual inductance between the conductor circuit and the
sheath one. R1 contains both internal resistance and the standard
resistance. The voltage and the current have the same frequency,
and thus they are expressed as the following:
~V1 ¼ V01eiωt ; ~I1 ¼ I01eiðωtþαÞ; ~I2 ¼ I02eiðωtþβÞ ð2Þ
where ω is the angular frequency: ω¼ 2πf . Using this notation,
the following relations are obtained:
I02
I01
¼ ωMﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R22þðωL2Þ2
q ð3Þ
αβ¼ π
2
θ θ¼ tan 1 ωL2
R2
 
: ð4Þ
Also, the impedance of the conductor circuit, Z, is obtained as
the following:
Z ¼
~V1
~I1
¼ iωL1þ iωM
I02
I01
e iðαβÞ þR1 ð5Þ
Z ¼ R1þωM
I02
I01
cos θ
 
þ iω L1M
I02
I01
sin θ
 
ð6Þ
In general, the mutual inductance M is expressed by using a
coupling constant k: M¼ k
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
L1L2
p
. Using this notation, the real and
the imaginary part of Z, i.e. the apparent resistance and the
apparent inductance, are obtained as follows:
RðZÞ ¼ R1þ
k2
L1
L2
R2
1þ R2
ωL2
 2 ¼ R1þk2L1L2R2 1χ
2þOðχ4Þ  ð7Þ
IðZÞ=ω¼ L1
k2L1
1þ R2
ωL2
 2 ¼ L1k2L1 1χ2þOðχ4Þ
  ð8Þ
where χ ¼ R2=ðωL2Þ.
On the other hand, the impedance of the conductor circuit is
obtained by dividing the total voltage by the current in the circuit.
The current equals the voltage in the 1Ω standard resistance.
Thus, the apparent resistance and the apparent inductance
is derived from this impedance as shown in Table 1 and Fig. 5.
Fig. 1. A cross-sectional ﬁgure of mineral insulation cable (MIC).
Fig. 2. A schematic ﬁgure of MIC solenoid magnet.
Fig. 3. A typical result of (a) the voltage in the standard resistance, (b) the total
output voltage, and (c) output voltage from the pickup coil. In each ﬁgure, red dots
are observed points and the solid line is the ﬁtted result with a sine curve.
(For interpretation of the references to color in this ﬁgure caption, the reader is
referred to the web version of this article.)
Fig. 4. The equivalent circuit diagram of a MIC solenoid magnet. Ri and Rs denote
the internal resistance and the standard one, respectively.
Table 1
The result of the conductor circuit resistance, i.e. the real part of Z, and the
inductance derived from the imaginary part. In the resistance, the standard
resistance of 1 Ω is contained. The difference of the phase between the voltage
and the current is also shown, and the positive sign stands for inductivity. The
magnetic ﬁeld is obtained from the peak voltage of the pickup coil.
Frequency
(Hz)
Resistance
(Ω)
Inductance
ðμHÞ
Phase
(deg)
Magnetic ﬁeld
(mG)
Reduction
factor
50 1.214 81.1 1.2 309 1.33102
100 1.216 81.3 2.4 161 6.94103
200 1.221 71.1 4.2 80.9 3.49103
400 1.236 68.3 7.9 39.7 1.71103
600 1.251 66.2 11.3 26.6 1.15103
1200 1.293 59.5 19.1 13.1 5.67104
2400 1.355 53.8 30.9 6.42 2.77104
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These values correspond to Eqs. (7) and (8). According to Eq. (8), in
the case where k is close to 1, IðZÞ becomes close to 0 with
increasing the AC frequency. Namely, the apparent inductance of
the conductor circuit is expected to be smaller effectively. The
inductance of the conductor circuit, L1, is estimated to be about
28 mH by a ﬁeld calculation using a ﬁnite element method (FEM).
The observed values shown in Table 1 are conﬁrmed to be much
smaller than this value. The fact that the apparent inductance is
decreased by about 2104 of the FEM evaluation at 2.4 kHz
shows that k is close to 1.
The internal resistance, Ri ¼ R1Rs, is measured to be about
100 mΩ by a DC resistance meter. Using these values of R1 and L1,
the apparent resistance and the inductance is ﬁtted by a function
in which R2=L2 and k are taken as free parameters. R2=L2 is a
coefﬁcient of 1=ω in χ, and its dimension is the inverse of time. As
shown in Fig. 5, the best ﬁtting result given by R2=L2 ¼ 7:0 s1 and
k¼0.9988 explains the frequency dependence of the apparent
resistance and the inductance, qualitatively. However, there exists
a remaining frequency-dependent tendency. This tendency is
explained by the skin effect and the frequency dependence in
the coupling constant, k.
The frequency dependence of the impedance, jZj, and the phase
angle, ϕ, make the skin effect clear rather than the resistance and
the inductance. The impedance and the phase angle are obtained
as follows:
Z2 ¼ R21þðωL1Þ2þωk
2L1ðωk2L12ωL1þ2R1χÞ
1þχ2 ð9Þ
ϕ¼ tan 1 ωL1ωk
2L1=ð1þχ2Þ
R1ωk2L1χ=ð1þχ2Þ
: ð10Þ
In high frequency, i.e. R25ωL2 and R15ωL1, the above equations
approximate jZj ¼ωL1ð1k2Þ and ϕ¼ tan 1 ωL1ð1k2Þ=R1. Tak-
ing the skin effect into account, the skin depth is thinner than the
conductor layer thickness of 4 mm above 280 Hz, and at 2.4 kHz
the internal resistance of MIC, Ri, increases by a factor of three.
Thus the phase angle is affected while the effect on the impedance
is negligible. The thickness of the sheath is thinner, and thus the
skin effect is small.
Due to the skin effect, the distribution of the current ﬂow is
changed. Thus, the coupling constant k in the mutual inductance is
affected because the mutual inductance is determined by the
positional relation between the conductor circuit and the sheath
one. As shown in Fig. 7, the coupling constant k is derived from Eq.
(8) by using a modiﬁed value of R2=L2 ¼ 4:1 s1 which gives the
best ﬁtting result in the apparent resistance. The conductor layer
and the sheath one is adjacent, and thus the coupling constant k
slightly increases by 0.03% at 2.4 kHz.
Taking these two corrections into account, the apparent resis-
tance and the apparent inductance is well reproduced as well as
the impedance and the phase angle as shown in Figs. 5 and 6.
4. Reduction of ripple ﬁeld
By using the notation of n1 and n2 which are the number of
turns per unit length in the conductor coil and the sheath one, the
magnetic ﬁeld is obtained as follows:
B¼ μ0n1I01eiαþμ0n2I02eiβ ð11Þ
B¼ μ0n1I01eiα 1
k
1þχ2
 
 i kχ
1þχ2
 	
ð12Þ
where the relation, n2=n1 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
L2=L1
p
, is applied because the exter-
nal shapes of the conductor coil and the sheath one are almost the
same. Under the condition of χ51, i.e. R25ωL2, the magnetic
ﬁeld becomes μ0n1I01eiαfð1kÞ ikχg. The coupling constant is
close to 1, and thus, the magnitude of the magnetic ﬁeld, jBj, is
Fig. 5. The AC frequency dependence of the apparent resistance (closed circle) and
the apparent inductance (open circle). The dotted line is obtained by
R2=L2 ¼ 7:0 s1 and k¼0.9988. The dashed line is R2=L2 ¼ 4:1 s1 with the
correction of the skin effect and the frequency dependence on the coupling
constant, k.
Fig. 6. The AC frequency dependence of the impedance (upper) and the phase
angle (lower). The dotted line is obtained by R2=L2 ¼ 7:0 s1 and k¼0.9988. The
dashed line is R2=L2 ¼ 4:1 s1 with the correction of the skin effect and the
frequency dependence on the coupling constant, k.
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expected to be much smaller than the ﬁeld by the conductor
circuit, μ0n1I01, and to be proportional to χp1=ω. This tendency
was observed as shown in Table 1, where a 10-A current in the
conductor coil generates the ﬁeld of 23.2 Gauss and jBj is derived
from the peak voltage in the pickup coil; Vpickup coil ¼ 9:87f jBj. The
1=ω dependence of the magnetic ﬁeld is clearly observed as
shown in Fig. 8. The observed jBj is about three times smaller
than the expected value even in the lower frequency. This is not
explained by neither the skin effect nor the frequency dependence
on the coupling constant, which are introduced in the previous
section. The assumption of n2=n1 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
L2=L1
p
should be modiﬁed
slightly to reproduce the observed data: n2=n1 ¼ ð1þδÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
L2=L1
p
,
where δ¼ 0:001. This correction factor originates from the small
difference in the geometrical shape between the conductor coil
and the sheath one. This small correction should be justiﬁed when
we take into account the fact that the current path in the sheath is
very complicated and the sheath inductance, L2, will not be subject
to the ideal law that L2 is proportional to n22.
5. Conclusion
We successfully developed an ultra-low-ﬁled-ripple magnet by
using a MIC. The ﬁeld-ripple is conﬁrmed to be suppressed by the
factor of 1/100 even in the condition of 50 Hz, compared to the
case that the ﬁeld ripple is calculated from the ripple components
in the primary conductor. This functionality is not effective to
alternative current with a low frequency, e.g. the ripple ﬁeld is
suppressed by a factor of 2 at 1 Hz and by a factor of 10 at 6 Hz.
A long-term drift cannot be canceled, also. However, a MIC magnet
will become one of the options to produce a very low ripple
magnetic ﬁeld.
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